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ABSTRACT

We present here EKPD (http://ekpd.biocuckoo.org),
a hierarchical database of eukaryotic protein
kinases (PKs) and protein phosphatases (PPs), the
key molecules responsible for the reversible phos-
phorylation of proteins that are involved in almost all
aspects of biological processes. As extensive
experimental and computational efforts have been
carried out to identify PKs and PPs, an integrative
resource with detailed classification and annotation
information would be of great value for both experi-
mentalists and computational biologists. In this
work, we first collected 1855 PKs and 347 PPs
from the scientific literature and various public data-
bases. Based on previously established rationales,
we classified all of the known PKs and PPs into a
hierarchical structure with three levels, i.e. group,
family and individual PK/PP. There are 10 groups
with 149 families for the PKs and 10 groups with
33 families for the PPs. We constructed 139 and 27
Hidden Markov Model profiles for PK and PP
families, respectively. Then we systematically
characterized ~50000 PKs and >10000 PPs in eu-
karyotes. In addition, >500 PKs and >400 PPs were
computationally identified by ortholog search.
Finally, the online service of the EKPD database
was implemented in PHP + MySQL + JavaScript.

INTRODUCTION

As one of the most important post-translational modifica-
tions of proteins, the reversible phosphorylation is
involved in a broad spectrum of biological processes
(1,2). Two types of enzymes, known as protein kinases
(PKs) and protein phosphatases (PPs), are response for
this reversible reaction and constitute ~2-4% of the

genes in a typical eukaryotic genome (1,3). PK is a type
of well-characterized enzyme that phosphorylates proteins
by chemically adding phosphate groups to specific amino
acid residues, whereas PPs catalyze the dephosphorylation
through the removal of >1 phosphate groups from the
substrates (1-3). Aberrant activities of the PKs and PPs
are heavily implicated in a variety of diseases, including
cancers (1,4,5). The identification of the eukaryotic
protein kinases (ePKs) and PPs is fundamental to a
proper understanding of regulatory mechanisms of the re-
versible phosphorylation and will provide potential drug
targets for biomedical design (6,7).

Although the concept of phosphorylation was first put
forward in 1955 (8), the identification and classification of
PKs has remained a great challenge. In 1995, Hanks and
Hunter carried out a pilot study in which ePKs were clas-
sified into a hierarchical structure with four levels,
including group, family, subfamily and individual PKs
based on the conserved sequence and structural profile
of the kinase (catalytic) domain (2). Subsequently,
Manning et al. comprehensively identified 130, 454, 240
and 518 putative PKs in Saccharomyces cerevisiae,
Caenorhabditis elegans, Drosophila melanogaster and
Homo sapiens, respectively (1). Based on this rationale
(2), these PKs were carefully curated and classified into
10 groups, 134 families and 201 subfamilies (1). However,
annotation and classification of PKs at the subfamily level
is time-consuming and can only be performed by hand.
For example, the PKs have been clearly classified and
annotated for only 11 species in the kinase.com database
(1). In an effort to include more species, the Kinomer
database first expanded the number of eukaryotic
organisms to 52, whereas the annotation information
was still only available at the group level (9). Recently,
Goldberg et al. developed a novel software package of
Kinannote, which first identified potential PKs with a
Hidden Markov Model (HMM) profile in Pfam, then
narrowed down the candidates by motif scoring with a
position-specific scoring matrix and ultimately performed
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a BLAST-based classification (10). This program was used
to characterize the conserved ePKs in 36 species, whereas
atypical protein kinases were difficult to predict using
Kinannote (10).

In contrast with PKs, the number and classification of
PPs are less well understood, and most studies have
focused on protein tyrosine phosphatases (PTPs) (4,11).
In 2004, Alonso et al. systematically identified 107
putative human PTPs and classified them into four
groups or classes according to their catalytic domains
and also their catalytic mechanisms as well as functions
(12). Based on this classification rationale, the PTP
database was constructed based on 601 non-redundant
PTP domains derived from 61 species (13,14). Recently,
functional and structural analysis of protein serine/threo-
nine phosphatases (PSPs) has emerged as a hot topic
(15,16). The classification of PSPs is also crucial for an
understanding of functional specificity and diversity
(15,16). In 2008, Kerk et al. (3) systematically predicted
and classified 150 PSPs and PTPs in Arabidopsis thaliana.
The PPs in several other plants have also been computed
and annotated (3).

In this study, 1855 PKs and 347 PPs were collected from
the scientific literature and various public databases.
Based on previously established rationales (1,2,12-16),
we classified all of the known PKs and PPs into a three-
level hierarchical structure, including group, family and
single PK/PPs. There are 10 groups with 149 families for
the PKs and 9 groups with 29 families for the PPs. Using
HMMER (17), 139 and 27 HMM profiles were con-
structed for the PKs and PPs at the family level, respect-
ively. Then we systematically characterized 49912 PKs
and 10880 PPs in 84 eukaryotic species using the HMM
profile of each family. Moreover, 521 PKs and 416 PPs
were computationally identified by ortholog search. The
detailed annotations from the Ensembl (18) and
UniProtKB (19) databases were integrated, and the clas-
sification information was also provided. Finally, an inte-
grative database made up of ePKs, together with the
protein phosphatases database (EKPD), was developed
with 50433 PKs and 11296 PPs. The EKPD will be regu-
larly updated to integrate more data and information.

CONSTRUCTION AND CONTENT
Data collection

From the kinase.com database (1), we first obtained 1855
curated and classified PKs from S. cerevisiae, C. elegans
D. melanogaster, Mus musculus and H. sapiens. The full-
length protein and kinase domain sequences were directly
downloaded (1). We also searched PubMed with the
keyword ‘phosphatase’ and collected 347 known PPs
from the scientific literature published in the period
2006-2011. The full-length PP sequences were obtained
from the Ensembl (18) and UniProtKB (19) databases.
The phosphatase domain information was taken from
the annotations in UniProtKB. Both the kinase and phos-
phatase domains were further examined by searching the
Pfam database (20). Moreover, we downloaded the
complete proteome sets for 84 eukaryotes including 60
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animals, 22 plants and 2 fungi, from Ensembl (release
version 70, http://www.ensembl.org/, under the directory
of ‘/pub/release-70/fasta’), EnsemblPlants (release version
16, http://plants.ensembl.org/) and EnsemblFungi (release
version 16, http://fungi.ensembl.org/), respectively (18).
Because a considerable number of eukaryotic proteomes
had a poor annotation quality, we discarded proteins
having >1 ‘X’ residues instead of a specific amino acid.
To eliminate the redundancy, we further used ‘CD-HIT’, a
tool for clustering similar sequences (21), to compare the
proteins in each species separately. If multiple proteins
were of 100% identity, the CD-HIT program only
retained one sequence. The removed sequences were not
used for any further analysis.

Genome-wide identification of PKs and PPs

Based on previously established rationales (1,2,12-16), we
manually classified all of the curated PKs and PPs into 10
groups with 148 families and 10 groups with 33 families,
respectively (Supplementary Table S1 and S2). More
details on the classification of the PKs and PPs are
provided in the Supplementary Results. Because the
number of PKs and PPs is limited in several of the
families, 139 and 27 HMM profiles were obtained for
the PK and PP families, respectively. The catalytic
domain sequences of the PKs and PPs were first aligned
with MUSCLE (http://www.driveS.com/muscle/, version
3.8.31), an extensively used tool for multiple sequence
alignment (22). HMM models were then constructed
with the hmmbuild program in the HMMER 3.0
package (http://hmmer.janelia.org/) (17). Furthermore,
the hmmsearch program of HMMER 3.0 (17) was separ-
ately applied to a search of all the protein sequences in 84
eukaryotes with PK and PP HMM profiles. The default
parameters were adopted for the three programs. Because
multiple variant peptides can originate from a single gene,
here we used the Ensembl Gene ID as the unique accession
to avoid any redundancy. For a given gene, only the
protein with the most significant E-value was retained as
the representative sequence. Again, because several similar
proteins may be generated from a single gene but with
different Ensembl Gene IDs, we downloaded the gene
start (bp) and end (bp) information from the BioMart
service of Ensembl (18) for each species. For each
family, if the gene coordinates of multiple proteins were
identical or overlapped, the longest one was retained. In
addition, to balance the sensitivity and specificity in the
prediction of new PKs and PPs, we manually selected a
cutoff value for each family based on the realistic constant
log-odds likelihood score in hmmsearch (17) (Figure 1).
The prediction performances were also carefully evaluated
subsequently (Supplementary Results and Supplementary
Figure S1).

For the families without any HMM profile, we con-
ducted orthology searches (23) to identify 521 and 416
additional PKs and PPs, respectively. As previously
described (23), the strategy of reciprocal best hits was
adopted by pairwise detection orthologs in the 84 eukary-
otes. The blastall program in the BLAST package was


eukaryotic protein kinases (
)
(aPKs) 
is 
were have
4 
 (3)
,
,
in tota
l 
,
,
eukaryotic protein kinases
,
(
)
,
,
,
Saccharomyces 
Caenorhabditis 
Drosophila 
Homo 
 to 
http://www.ensembl.org/
http://plants.ensembl.org/
http://fungi.ensembl.org/
one or more
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
in total obtained 
http://www.drive5.com/muscle/
http://hmmer.janelia.org/
(Sn)
 (Sp)
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
(RBH) 

D498 Nucleic Acids Research, 2014, Vol. 42, Database issue
AGC CAMK CK1 TK Other PPP DSP
Akt 194.2 CAMK1 125.5 CK1 98.2 Abl 367.5 Aur 159.2 o @ aDSP 372
DMPK 81.2 Ack 97.8 BUB 87.8
CAMK2 116.4 Dual 407.8 B
Al 20.8 ud32 93.1 PP2A 1206 MKP 69.0
GEN Uis CAMKL 89.9 TTBK 258.1 CAMKK 138.3
MAST 86.3 fid 2y PP2B 79.6 A% TR
: CASK 183.8 TTBKL 164.1 - o cpc7 80.3 g
. . cbc14 60.3
DR i1sd DAPK 85.6 VRK 11222 o I AL e PP4 161.0
PDK1 98.5 : Haspin 124.7 SsH 72.7
DCAMKL 150.4 Worm10 434.6 DDR 60.8 KK 135.1 PPS 120.9 o
PKA 153.2 . - )
MAPKAPK 112.7 Wormé 76.0 EGFR 101.6 IRE 86.2 Myotubularins  74.5
PKC 164.6 PP6 168.1
PKG 190.5 MLCK 139.6 Worm7 203.5 Eph 120.1 MOS 118.7 PTEN 65.0
: -~ . S s FAK 190.0 NAK 162.3 PP7 72.8
PKN 159.0 FGFR 1920 NEK 814 celch 017 PPM
RSK G PIM 149.7 Worrr.l? 535.4 o sy e i elc| . Beed _—
RSKL 81.5 PKD 101.6 Unclassified 63.4 InsR 2322 zig iggg SLP 67.4 PP2C 2 38.7
RSKR 139.7 PSK 284.6 TKL Jak 68.0 . .
NKF4 180.9 Unclassified  94.9 PP2C_3 247
SGK 152.7 RADS53 106.7 IRAK 88.6 KIN16 282.8 s i =
YANK 140.6 RSKb 78.9 LISK 75.8 KIN6 414.3 NRBP 15 4' 5 Asp Based PTP PDP 171.0
Unclassified  38.9 TSSK 125.4 LRRK 118.2 kﬂm; 1925769 PEK 107.2 FCP_SCP 30.4 LMWPTP
MLK 74.9 e z PLK 755
Trbl 151.2
cMac 3 RAF 102.9 Musk 138.1 RAN 176.4 EYA 49.7 LMWPTP 77.2
EbK e 2 EEE 3 PDGFR 139.2 scy 79.3
CDKL 1108 ynclassified  102.8 RIPK 113.7 - - Slob 2503 MDP1 145.6 CDC25
CLK 91.2 STKR 89.5 :
STE Ror 3219 TBCK 58.8 Classical PTP cpe2s 50.5
DYRK 97.7 Unclassified 136.5 TLK 139.9
GsK 1241 STE11 1134 R e o o PTPLA
MAPK 61 5 9 29 Atypical BEY 1877 TSrT(K i:i'; . PTPLA 35.5
5 E ; . !
RCK 92.0 ilied . SECL vae S 125 ULK 64.1 NRPTP 55.5
SRPK 120.9 RTE 58 Alpha 36.7 SIK ABY VPS15 2209
Unclassified ~ 109.9  Unclassified  117.2 PDHK 1203 Jec 1161 WEE 63.6
PIKK 110.4 b S0 K CEID
) Trk 70.2 Worm1 581.4
RIO 715 VEGFR 184.4 Worm2 492.7 gt
Unclassified ~ 110.1 Worm3 ~ 639.1
Wormé4 413.5
RGC Worm5 436.4
RGC 70.8 Unclassified 30.4

Figure 1. The cutoff values of the 139 and 27 HMM profiles for the PK and PP families. The hmmsearch calculates both the E-values and log-odds
likelihood scores for given sequences (17). Because the E-values depend on the database size and generate inconsistent results when the database is
updated, we used realistic constant log-odds likelihood scores as the threshold values.

used (24). All of these HMM profiles can be freely down-
loaded at http://ekpd.biocuckoo.org/faq.php.

A landscape of ePKs and PPs

In total, 50433 PKs and 11296 PPs from 84 eukaryotic
species were identified, with an average of 600.4 PKs and
134.5 PPs per organism (Supplementary Table S1 and S2).
Although there are 395.5 PKs on average per animal, the
average number of plant PKs is 3-fold (1202.0) higher
than animals (Supplementary Table S1). A heatmap of
the classifications and identification patterns for several
of the major PK and PP groups was visualized using the
ggplot2 program (http://had.co.nz/ggplot2/) in the R
package (http://www.r-project.org/) (25) (Figure 2).
From the results, the numbers of animal or plant PKs in
the same group or family can differ greatly (Figure 2). For
example, we identified 310 RGC PKs in 60 animals with
an average number of 5.2 per species, whereas no RGC
kinases were detected in 22 plants (Supplementary Table
S1). Also, there are 66.1 TK kinases on average per
animal, whereas only 2.7 TK kinases on average were
detected per plant (Supplementary Table S1). In
addition, only a small proportion of PKs are TKL
kinases (8.2%) in animals, whereas up to 60.4% of plant
PKs were classified in the TKL group (Supplementary
Table S1). This result is consistent with previous
analyses, which have shown that TKL kinases

predominantly occur in plants (26). The average
numbers of PPs are moderately different, as they were
126.0 and 166.3 per animal and plant organisms, respect-
ively (Supplementary Table S2).

PKs and PPs are typically multidomain proteins con-
taining a variety of other protein domains in addition to
the catalytic domain. To identify the proteins domains
that co-occur with the kinase and phosphatase catalytic
domains, the distribution and diversity of the Pfam
domain in the PKs (Supplementary Table S3) and PPs
(Supplementary Table S4) were statistically analysed
using a the hypergeometric test (27) (Supplementary
Methods, P <107%). Although a number of Pfam
domains are preferentially over- or under-represented in
both PKs and PPs, more domains are exclusively enriched
or deprived in PKs or PPs (Supplementary Table S3 and
S4). For example, SH2 (PF00017), which acts as a type of
phosphotyrosine interacting domain (28), is significantly
enriched in both the PKs and PPs (Supplementary Table
S3 and S4). Meanwhile, the F-box domain (PF00646),
which is found in specific proteins that recruit substrates
for ubiquitination and proteasomal degradation (29), is
significantly under-represented in both PKs and PPs
(Supplementary Table S3 and S4). However, another
type of  phosphotyrosine-binding domain, PTB
(PF08416) (28) is only significantly over-represented in
PPs (Supplementary Table S4), whereas the SH3 domain
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Figure 2. The heatmap of the classifications and the numbers of proteins for several major groups. Nine major groups of the PKs shown. For the
PPs, the groups of PSPs and PTPs were visualized. The numbers of the PKs or PPs is commonly different across species. For example, RGC kinases
have been exclusively detected in animals and not plants. Also, TKL kinases are only present in a small proportion of the animal PKs (8.2%), but

are widely represented in plants (60.4%).

(PF00018) (30), which is responsible for protein—protein
interactions, is significantly enriched only in the PKs
(Supplementary Table S3). Furthermore, we statistically
compared the different preferences of Pfam the
domains in PKs (Supplementary Table S5) and PPs
(Supplementary Table S6) in animals and plants using
Yates” chi-squared (x%) test (27) (Supplementary
Methods, P<107%). Interestingly, the SH2 domain
occurs preferentially in both animal PKs and PPs
compared with plants (Supplementary Table S9),
whereas the SH3 domain preferentially occurs only in
animal PKs (Supplementary Table S6).

USAGE

The EKPD database was developed so as to be operable in
an easy-to-use manner. Here we provide human protein
kinase B (PKB or AKT1) as an example to illustrate the
effective usage of EKPD. To make it easy to look through
the data in EKPD, two approaches were implemented
for the browse option: by species or by classification
(Figure 3). In the option of ‘browse by species’, the left
tree represents the Ensembl taxonomy categories,
including primates, rodents, laurasiatheria and so on,
whereas the right tree represents the phylogenetic relation-
ship of the eukaryotic species in Ensembl (18) (Figure 3A).
By clicking on the ‘Homo sapiens’ button, the PK and PP
groups in H. sapiens can be viewed (Figure 3A). As the
Akt family belongs to the AGC group, users can click on

the ‘AGC’ button to view the family information
(Figure 3A). Also, EKPD can be further browsed by clas-
sification (Figure 3B). The left tree represents the hierarch-
ical classification, whereas a representative 3D structure of
the catalytic domain was taken from the PDB (31) and
presented on the right for each PK or PP family, if avail-
able (Figure 3B). Users can click on the ‘Akt’ button to
visualize the family information across 70 eukaryotes
(Figure 3B). By either clicking on the ‘Akt’ button in the
AGC group page (Figure 3A) or the ‘Homo sapiens’
button in the Akt page (Figure 3B), the members in
human Akt family can be viewed, while a brief description
of Akt functions and regulatory roles is available
(Figure 3C). To organize the database, we used EKPD
IDs for the PKs (EKS-) and PPs (EPS-), respectively.
The Ensembl Gene ID was adopted as the secondary
accession (Figure 3C). The users can click on the ‘EKS-
HOS-00143" button to view the detailed information of
human AKTI1 (Figure 3D). More detailed descriptions
of the search and advance options in EKPD were also
presented (Supplementary Results and Supplementary
Figure S2).

DISCUSSION

The identification and classification of PKs and PPs are
fundamental for characterizing the regulatory roles of
phosphorylation and dephosphorylation (1-3), predicting
the kinase-specific phosphorylation sites in proteins (32),
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Eukaryotic Protein Kinase & Protein Phosphatase Database

EKPD ID [EKS-HOS-00143
T Group/Family | Score | E-value | start [ End | Domain Length
| AGC/Akt [ 5049 [ 246151 | 88 [ 346 | 259
Status. [Reviewed
Ensembl Protein ___|[ENSP00000443897
UniProt Accession __[P31749; B2RAMS; Q9BWBS;
Protein Name RAC-alpha serine/threonine-protein kinase
Protein Synonyms/Alias_[Protein kinase B; PKB; Protein kinase B alpha; PKB alpha; Proto-oncogene c-Akt; RAC-PK-alpha;
Gene Name JAKT1
Gene Synonyms/Alias _ |AKT1; PKB, RAC;

Ensembl Gene ID Ensembl Protein ID Ensembl Transcript ID
ENSG00000142208 ENSP00000443897 ENST00000544168
ENSG00000142208 ENSP00000451290 ENST00000555380
ENSG00000142208 166
ENSG00000142208 ENSP00000385326 ENST00000402615

Ersemblifornation ENSG00000142208 ENSP00000451828 ENST00000554581
ENSG00000142208 ENSP00000450681 ENST00000554192
ENSG00000142208 ENSP00000451470 ENST00000555458
ENSG00000142208 ENSP00000270202 ENST00000349310
ENSG00000142208 ENSP00000384293 ENST00000407796
ENSG00000142208 ENSP00000450688 ENST00000555528
ENSG00000142208 ENSP00000451824 ENST00000555926

[Homo sapiens
JAKT1 is one of 3 closely related serine/threonine-protein kinases (AKT1, AKT2 and AKT3) called the AKT kinase,
land which regulate many processes including metabolism, proliferation, cell survival, growth and

Organism

Figure 3. The browse option of EKPD. We provided two approaches for browsing the database: (A) By species. (B) By classifications. (C) For a PK
or PP family, a brief description and the associated members are shown. (D) Detailed information on human AKTI.

modeling potential phosphorylation networks (33), detect-
ing disease- or cancer-associated mutations (34,35) and
providing potential targets for drug design (6,7). A com-
prehensive data resource with detailed annotation and
classification information would be of great benefit for
further studies.

A number of public databases have been previously
developed, such as KinG (36), Protein kinase resource
(PKR) (37), Kinase.com (1), Kinomer (9), KinMutBase
(34) and MoKCa (35), for the PKs, and the PTP
database (13,14) and PhosphaBase (38) for the PPs. The
KinG database contains the PKs from five eukaryotic
species  S. cerevisiae, C. elegans, D. melanogaster,
H. sapiens and A. thaliana (36), whereas PKR contains
PK information for eight species (37). The most well-
annotated resource is Kinase.com, which has classified
PKs in 11 eukaryotes at the subfamily level (1).
However, such an annotation is labor-intensive and
largely dependent on manual curation. In this regard,
the Kinomer classified PKs of 52 eukaryotic species at
the group level (9). With identified PKs in human,
KinMutBase (34) and MoKCa (35) were developed to
contain disease- or cancer-associated mutations in PKs,
respectively. For PPs, the PTP database contains the

known information for PTPs across 61 species, whereas
the PSPs have not been integrated (13,14). In addition,
PhosphaBase collected >2800 known PPs from
the scientific literature and public databases for 345
species, with an average number of eight PPs per
organism (38). Thus, this data set is evidently far from
being integrative.

In eukaryotes, a protein substrate is phosphorylated by
PKs and dephosphorylated by PPs (33,39). The identifica-
tion of kinase-phosphatase relations via their common
substrates is helpful for understanding the reversible regu-
latory process of phosphorylation. Due to data limita-
tions, we only analysed the kinase-phosphatase relations
in H. sapiens. From the Phospho.ELM database (version
9.0), we obtained 2436 human phosphorylation sites
modified by known PKs (40). Also, we took 317
dephosphorylation sites with known regulatory PPs from
human DEPhOsphorylation Database (DEPOD) (39).
With the two data sets, we detected 87 common substrates
with 146 sites that had both upstream regulatory PKs and
PPs (Supplementary Table S7). Based on the identified
site-specific kinase-substrate and phosphatase-substrate
relations, we reconstructed a human kinase-phosphatase
network, containing 62 PKs, 50 PPs and 87 common


,
,
5 
while 
8 
while 
over 
,
8 
thus 
analyzed 
Homo 
,
in total 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1121/-/DC1
-
,

A
°
° ... ¢ ° .’o
® o o %0 w y
: LS 7 oo’ ]
® .. @ o { ]
o ® 0o * %0 °
o°® e® .o'. O ™S *ee
¢ e ofo 0 % ® %o
° °
{ ] .. ® ....:..
7 ®e o.o. ..o':°....:.
2o ° °
¢ ® o0 ® AL @\ ¢
° ° ®
0.0.0 o o ®
o o °

Nucleic Acids Research, 2014, Vol. 42, Database issue D501
B \MA;K3 = :PM1D
T5177
RPS6KA3: | | Protein kinase1 | || Protein kinase 2 | |
] 7h
*cslx(;’A : ¢:PP3CA;
52|43
- |
JUN: | r:m:]
. ;;\MAP"‘;“ < s '
S I50
CASP3 : Caspase-3 subunit p17 |Caspase-3 subunit p12)
1 27
b PRK’/\\‘CA‘nyHP:::J
T34
DARPP32: } [CASpiGlu-rich-| {

1 204

Figure 4. The kinase-phosphatase relations via common substrates. (A) A human kinase-phosphatase network was reconstructed with 62 PKs (pink),
50 PPs (blue) and 87 common substrates (green). (B) Cases of site-specific kinase-phosphatase relations. For example, the phosphorylation and
dephosphorylation of T577 regulates the kinase activity of RPS6KA3 (Supplementary Table S7).

substrates (Figure 4A). In particular, there were 31 PKs
and 5 PPs in the common substrates. The intensive inter-
actions between PKs and PPs through common substrates
suggest that the phosphorylation regulation is highly
specific and dynamic. For example, human p90 ribosomal
protein S6 kinase alpha-3 (RPS6KA3) is modified
by MAPK3 at T577, which can be dephosphorylated by
protein phosphatase 2C delta (PPM1D) to reduce the
kinase activity (41) (Figure 4B and Supplementary
Table S7). Furthermore, the S243 of transcription
factor AP-1/c-Jun (JUN) is phosphorylated by GSK3A
and dephosphorylated by PPP3CA, whereas the dep-
hosphorylation regulates the c-Jun/Spl interaction
(42,43) (Figure 4B and Supplementary Table S7).

Taken together, our database and the associated results
provide a useful resource for further analysis, although
improvement is still needed. For example, the specific
nomenclatures for plant groups or families should be
adopted, once a greater number of PKs and PPs have
been experimentally identified in plants. Also, the classifi-
cation and annotation information is not yet optimal for
several species, as certain genomes are poorly annotated
and have various types of errors. In this regard, the EKPD
database will be continuously updated and improved as
the current proteome sets are updated and more species
are made available.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [1, 2, 12-16, 18, 20, 27].
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